Summary Experiments were conducted during the growing seasons of 1993--1995 to determine whether exposure to ozone (O 3 ) affected the synthesis of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) in hybrid poplar, Populus maximowizii A. Henry × trichocarpa Torr. & A. Gray, Clone 245. As the canopy aged, the concentration of Rubisco decreased at a more rapid rate in lower leaves of hyrid poplar ramets subjected to chronic O 3 exposure in open-top chambers than in comparable foliage of plants grown in charcoal-filtered air. There was no difference in rate of synthesis of Rubisco between treatments, suggesting that loss of this protein in O 3 -treated leaves was caused by an accelerated rate of proteolysis. In foliage higher in the canopy, both concentration and rate of synthesis of Rubisco were stimulated by O 3 for a brief period when the leaves were young. Quantification of mRNA for the small (rbcS) and large (rbcL) transcripts of Rubisco did not reveal changes that were likely to reflect altered synthesis of Rubisco as a prime response to O 3 . Analyses of Rubisco concentration and rate of Rubisco synthesis in foliage connected by vascular traces within the canopy indicated that loss of Rubisco in older leaves was associated with an increase in this protein in younger leaves higher in the canopy. These data support the notion that accelerated senescence may provide some compensatory benefit to the plant. In 1995, the rate of synthesis of Rubisco was almost always higher in O 3 -treated foliage than in nontreated foliage, even when the concentration of Rubisco was adversely affected by the O 3 treatment. Because accelerated foliar abscission in response to O 3 was minimal in 1995 compared to other years, we speculate that, when abscission is delayed, Rubisco synthesis and concentration become uncoupled.
Introduction
Senescence is a feature of all foliage with patterns ranging from the rapid loss of all leaves (deciduous senescence) to a less drastic dieback of aging leaves throughout a growing season (progressive senescence) (Leopold 1961) . The progress of leaf senescence is the result of a sequence of metabolic changes. The most obvious feature of senescence is the loss of chlorophyll resulting in an overall yellowing. Senescence is also characterized by decreases in the photosynthetic carbonfixing enzyme Rubisco, an associated decline in net photosynthesis, increases in proteolysis, changes in fine organelle structure, loss of RNA and DNA, and increased membrane breakdown and ion leakage (Noodén 1988) .
Ozone causes acceleration of the normal rate of foliar senescence (Reich and Lassoie 1985) and is associated with accelerated loss of both the quantity and activity of Rubisco (Dann and Pell 1989) . A decrease in the quantity of Rubisco may result from either an increase in protein degradation or a decrease in protein synthesis. Eckardt and Pell (1995) and Landry and Pell (1993) proposed that O 3 may cause oxidative modifications of Rubisco in potato and in poplar, thereby rendering the protein more susceptible to proteolytic degradation. Reddy et al. (1993) and Glick et al. (1995) have shown that acute O 3 exposures cause a rapid decline in the mRNA for both the large (rbcL) and small (rbcS) subunits of Rubisco. Similar O 3 -associated decreases in amounts of rbcS have been reported for other species (Bahl and Kahl 1995 , Conklin and Last 1995 , Rao et al. 1995 . A decrease in the quantity of mRNA could reduce the potential for synthesis of Rubisco.
Accelerated senescence has adverse implications for the ''photosynthetic life span'' of the leaf (Reich and Lassoie 1985) . However, the more rapid aging of older leaves may provide a compensatory advantage for some plant species (Pell et al. 1994b) . For example, when aspen seedlings were stressed by O 3 , leaves at the base of the canopy had a photosynthetic rate below that of companion foliage grown in charcoal-filtered air, whereas leaves at the top of the canopy of O 3 -treated plants had photosynthetic rates exceeding those of foliage from plants grown in charcoal-filtered air (Greitner et al. 1994 , Pell et al. 1994b ). Similar responses have been observed for loblolly pine and ponderosa pine (Sasek et al. 1991 , Taylor et al. 1991 , Beyers et al. 1992 . As leaves lower in the canopy sustain a decline in net photosynthesis and lose protein, there may be a remobilization of protein degradation products and a resultant stimulation of metabolism in leaves at the top of the canopy. Dickson and Isebrands (1991) demonstrated that Populus species primarily transport nitrogen and carbon, as free amino acids, through direct vascular connections from leaf to leaf. It is also known that the Rubisco protein is degraded during senescence (Crafts-Brandner et al. 1990 ) and that this degradation may precede the loss of the chloroplast envelope (Peoples et al. 1980) . Crafts-Brandner et al. (1990) have suggested that loss of Rubisco during normal senescence may outpace the degradation of other proteins. Enhanced degradation of Rubisco in older leaves and subsequent translocation of amino acids to younger leaves (cf. Feller and Fischer 1994) could provide resources to compensate for the O 3 -induced senescence.
This study was undertaken to test two hypotheses: (1) an O 3 -induced acceleration in the decline of Rubisco protein is associated with a rapid decrease in Rubisco synthesis; and (2) senescence-related changes accelerated by O 3 in the lower leaves result in a stimulation of Rubisco quantity and Rubisco synthesis in foliage higher in the canopy. Hybrid poplar was chosen for study because of its indeterminate growth habit. Clone 245 was selected for experimentation because it displays symptoms of accelerated senescence after prolonged treatment with ozone, although it is relatively tolerant to development of necrotic lesions (Landry and Pell 1993) .
Materials and methods

Growth and culture
Hybrid poplar ramets (Populus maximowizii A. Henry × trichocarpa Torr. & A. Gray, Clone 245) were collected from a field plot in Juniata County, PA in late winter in 1993, 1994, and 1995 . Each spring, new cuttings were planted in individual 9-liter containers filled with Metro-Mix 510 soil-less medium (W.R. Grace Co., Cambridge, MA) amended with 3.5 g m −3 of Osmocote (14,14,14 N,P,K; Sierra Chemicals, Milpitas, CA), 1 g m −3 Micromax (Scott-Sierra, Marysville, OH) micronutrients, 0.9 g m −3 aluminum sulfate, and 0.9 g m −3 gypsum. At the time of bud break, 45 ramets were moved to each open-top chamber; the chambers were fitted with rain exclusion caps (Pell et al. 1990) . In 1993 and 1994, plants were placed in the containers in mid-April, whereas in 1995 the ramets were not placed in the containers until late May.
Ozone treatments
Ozone was generated from pure oxygen, and was dispensed and monitored as previously described ). On each day of exposure, 0.08 µl l −1 O 3 was delivered from 1000--1800 h. Ozone exposures were conducted from June 24--September 17, 1993, June 24--September 9, 1994 and June 13--August 16, 1995. Photosynthetic photon flux density, ambient air temperature, relative humidity, and chamber air temperature were monitored as described by Pell et al. (1993) .
Leaf harvests
At bud break, woody side shoots were removed leaving only a main stem with one viable apical bud. When new shoots reached approximately 18 cm, the third expanding leaf from the apex was tagged for later harvests. In 1993, the first tagged leaf was designated the older leaf. Six weeks after the older leaves had reached full expansion, a second expanding leaf eighteen positions above the first leaf was tagged and designated the younger leaf. In 1994 and 1995, the leaf equivalent to the ''older leaf'' in 1993, was designated as Leaf Tag 1. Because we were interested in following the quantitative changes in Rubisco concentration and synthesis in leaves that shared vascular connections, a preliminary experiment, using a nontoxic tracking dye, was performed to determine these connections (Janssen and Markhart 1994) . A leaf was excised under water and the cut petiole still attached to the tree stem was inserted into a 15-ml polypropylene test tube. The water was replaced with 1% (v/v) Phorwite BRU (Miles Inc., Rock Hill, SC) solution. The poplar ramet was placed in full sunlight for 5 h, then seven leaves above and three leaves below the petiole were excised. When leaves were examined under ultraviolet light, it was found that every fourth leaf shared vascular connections. Thus, in 1994 and 1995, every fourth leaf was tagged and numbered in ascending order. The first harvest occurred when the first tagged leaf reached approximately half-maximal expansion. Leaves were excised at the petiole with a razor, 0.4 g of tissue was weighed, wrapped in aluminum foil, frozen in liquid nitrogen, and stored at −80 °C. At each harvest, one sample was taken from each chamber. Each sample comprised leaf tissue from two trees within the same chamber. Each tree was sampled only once and removed after harvest.
Measurement of Rubisco concentration
Approximately 0.4 g of frozen leaf tissue (midvein excluded) was ground to a fine powder with a mortar and pestle in liquid nitrogen. The powder was transferred to a vial and ground with a Tissue Tearor (Biospec Products, Bartlesville, OK) in 4 ml of a modified Bicine buffer (pH 8.0; 100 mM Bicine, 20 mM NaHCO 3 , 20 mM MgCl 2 , 0.2 mM NaEDTA, 5 mM thiourea, 10 µM leupeptin, 1.5% PVP-40T, 2 mM dithioerythritol, 1 mM PMSF). The homogenate was filtered through one layer of Miracloth and centrifuged for 3 min in a Beckman Model E microfuge at 15,850 g. Total soluble protein concentrations were determined by measuring absorbance of the protein slurry in 3 ml of Coomassie Blue Protein Reagent at 595 nm with a Beckman DU-64 spectrophotometer and fitting absorbance to a previously constructed standard curve made with bovine serum albumin. Rubisco was localized by SDS-PAGE using a Bio-Rad Mini Protean II Electrophoresis System (BioRad, Richmond, CA) with the Laemmli (1970) buffer system as described in Landry and Pell (1993) . Quantification was accomplished by laser densitometry (Eckardt and Pell 1994) .
In 1995, Rubisco quantity was estimated from total soluble protein as follows: data collected in 1994 were plotted with Rubisco versus total soluble protein as dependent and independent variables, respectively. A line, with an equation of y = −4.235 + 0.64106x (r 2 = 0.81), defined this relationship. The association remained constant across treatment and across position within the canopy. To insure that this equation could be used to predict Rubisco concentrations reliably, eight samples, representing the spectrum of ages and treatments, were analyzed for Rubisco concentrations and total soluble protein content. All points fell on the line generated in 1994.
Rate of Rubisco large subunit synthesis
Leaves were detached in the field with a razor blade, wrapped in moist paper towels, placed in plastic bags, stored on ice, and returned to the laboratory. Approximately 0.2 g of tissue was removed from each leaf in the form of leaf discs. Discs from each leaf were placed in separate glass dishes and floated in a solution of ; Amersham Life Sciences, Arlington Heights, IL) for 4.5 h under an incandescent lamp providing in excess of 1000 µmol m −2 s −1 light at water level. After incubation, the discs were rinsed in distilled water, blotted dry, and frozen in liquid nitrogen. Protein was extracted and separated by SDS-PAGE. Following staining and destaining, the Rubisco large subunit band was excised from the gel and dissolved overnight in 400 µl of 30% hydrogen peroxide at 42 °C. Radioactivity was monitored in a scintillation spectrometer (LS-1701, Beckman, Mississauga, Canada) with 4 ml of ReadySafe (Beckman) as a fluor.
Extraction of RNA
In 1993, a modification of the RNA extraction procedure developed by McCarty (1987) for maize was used. Approximately 0.4 g of frozen poplar leaf tissue (midvein excluded) was ground in a mortar and pestle in liquid nitrogen and vortexed vigorously in 3 ml of buffer consisting of 100 mM Tris-HCl (pH 9.0), 200 mM NaCl, 5 mM DTT, 1% (v/v) sarcosyl, and 20 mM EDTA and 3 ml of a 5:1 phenol:chloroform solution (v/v). The samples were centrifuged for 20 min at 10,000 g. The supernatant was extracted twice with 24:1 (v/v) chloroform:IAA mixture and precipitated by the addition of LiCl to a final concentration of 2 M at 4 °C. Samples were then centrifuged for 10 min at 10,000 g, the pellet resuspended in 1 ml of 2 M LiCl, and centrifuged again. The resulting pellet was dissolved in 100 µl TE (10 mM Tris-HCl (pH 8.0), 2 mM EDTA) and precipitated overnight at −20 °C in 0.25 volumes NaOAC and 2.5 volumes ice-cold 100% ethanol. The following day, samples were centrifuged at 15,850 g for 20 min in a refrigerated microfuge and vacuum-dried. The clear pellet was resuspended in 50 µl of DEPC-treated water and absorbance measured at 280, 260, and 300 nm. In 1995, total RNA was isolated from 0.125 g of frozen poplar leaf tissue using a plant total RNA extraction kit (Qiagen, Chatsworth, CA).
Isolation of poplar rbcS cDNA fragment
RbcS complementary DNA (cDNA) probes from larch, potato, tobacco and oat did not hybridize with poplar RNA. Reversetranscription polymerase chain reaction (RT-PCR) was used to clone from hybrid poplar foliage a fragment of conserved sequence within the Rubisco small subunit DNA coding region. Primers used in the PCR were synthesized (Operon, Inc., Alameda, CA) based on two highly conserved series of nucleotides, 21 and 20 bases found in Pinus thunbergiana Franco, Larix laricina (Du Roi) C. Koch, a Japanese pear tree, and an unknown Malus species ( Figure 1A ) that flanked a conserved region of ~300 bp. The RT-PCR procedure, which used poplar RNA as a template for the production of cDNA, was accomplished using a GeneAmp RNA PCR kit from Perkin-Elmer Cetus (Norwalk, CT). Visualization of the product revealed DNA slightly larger than 300 bases. This fragment was radioactively labeled with 50 µCi (α 32 P-dCTP) using a random primed DNA labeling kit (Boehringer Mannheim, Indianapolis, IN). Hybridization and washing were carried out as described below and a single signal was visualized on a Northern blot.
To prepare it for transformation, the putative poplar rbcS cDNA had any overlapping 5′ and 3′ ends removed by the GeneClean procedure (Bio 101, LaJolla, CA). Cells of DH-6α Escherichia coli were transformed and subsequently screened for transformants using the X-gal/IPTG color selection system (Promega, Madison, WI). Single colonies positive for transformation were grown overnight, lysed by an alkaline lysis pro- Figure 1 . The rbcS sequences from four tree species listed in GenBank were compared. A highly conserved region of approximately 300 bp was found to be flanked by two highly conserved series of nucleotides, 21 and 20 bases in length (A). These sequences were synthesized and used as the forward and the reverse primers for reverse transcription PCR. (B) Base pair consensus sequence for the cDNA probe for the rbcS clone using hybrid poplar RNA. The sequence reflects the reconciliation of the forward and reverse sequences. There were no mismatches. cedure, and the plasmid with the fragment was excised with the restriction endonucleases XbaI and XhoI. The excised fragment was sequenced in both directions by the method of Sanger et al. (1977) using the Sequenase II protocol (US Biochemical, Cleveland, OH). The determined nucleic acid sequence ( Figure 1B ) was 78.7% homologous to the consensus sequence from the four tree species. The fragment was radiolabeled and hybridized to poplar RNA slot blots and a poplar Northern blot as described below.
RNA Blotting procedure
Total RNA (4 µg per sample) of each sample was blotted onto a Nytran membrane (Schleicher and Schuell, Keene, NH) using a Bio-Dot SF microfiltration apparatus as per the manufacturer's instructions (BioRad). The samples were applied in 6× SSPE [1.08 M NaCl, 60 mM NaPO 4 (pH 7.7), 6 mM EDTA]. The membrane was also prewetted and washed with 6× SSPE. Following transfer, the membrane was dried at 80 °C for 1 h. Prehybridization and hybridization were carried out according to the instructions published by Schleicher and Schuell. The blots were hybridized with either an rbcL genomic DNA fragment from potato chloroplast (Enyedi and Pell 1992) or with a 300 bp rbcS genomic DNA fragment isolated from hybrid poplar. Fragments were labeled with α 32 P-dCTP with either a Random Primed DNA Labeling Kit or a High Prime Labeling Kit (Boehringer Mannheim). The hybridized blots were washed 2 × 20 min at 42 °C in 1× SSPE, 0.1% SDS and 2 × 40 min at 65 °C in 0.5× SSPE, 0.1% SDS. All blots were exposed to Kodak-X-OMAT 5 film with intensifying screens at −80 °C. Relative quantity of RNA was determined by densitometry of the developed films (Ultroscan XL Enhanced Laser Densitometer, Pharmacia LKB, Piscataway, NJ). Northern blot analysis was conducted for selected samples to ensure probes were not binding nonspecifically to ribosomal RNA (Reddy et al. 1993) .
Experimental design and statistical analysis
In all years, the experiments were designed for split-plot analysis with randomized chamber positions and randomized treatments. The subunits within each chamber comprised individual tagged leaves, which were selected nonrandomly to be analyzed as strip plots. In 1993 and 1994, there were four chambers per treatment; in 1995 there were three chambers per treatment. All data, with the exception of the 1994 protein synthesis data, were subjected to analysis of variance (ANOVA) using general linear regression models with treatment and day or leaf position as class variables (SAS Institute, Cary, NC, 1987) . The residual error term was used to test significance of day, leaf position, treatment by leaf position interactions, or treatment by day interactions. The mean square of replicate nested in treatment was used as the error term to test significance of treatment. Where appropriate, least square means were used to compare differences between means; Bonferroni t-tests were used to compare differences between leaves within a canopy. All data were tested for normal distribution and log-transformed when necessary. All references to significant differences between leaves or treatments were based on acceptance at the P ≤ 0.05 level, unless otherwise noted. . Although planting occurred later in 1995 than in 1993 and 1994, ramets reached a similar morphological stage at about the same calendar date. The first harvest dates occurred on Julian dates 181, 193 and 188 for 1993, 1994 and 1995, respectively .
Results
Seasonal
Impact of ozone on Rubisco in older foliage
In 1993, both the concentration and synthesis of Rubisco were measured on the first tagged leaf from the time of leaf emergence until senescence. Rubisco concentration increased initially and then declined gradually throughout the experiment (Figure 2A ). The significant treatment and treatment by day interactions reflected the more rapid decrease in Rubisco concentration in foliage from O 3 -treated plants compared with Figure 3A ) (r = 0.96, P < 0.05).
In 1993, to test the hypothesis that the O 3 -induced accelerated loss in Rubisco resulted from a decrease in its synthesis during leaf aging, we measured the incorporation of 35 Smethionine into Rubisco in leaf discs harvested from companion foliage at the same time that Rubisco concentration was determined. The 1993 experiment indicated that the O 3 treatment did not affect the synthesis of Rubisco ( Figure 2B) . Similarly, when the data for the 1993, 1994 and 1995 experiments were normalized it was evident that Rubisco synthesis was unaffected by the O 3 treatments ( Figure 3B ).
Impact of ozone on Rubisco in younger foliage
In 1993, we observed significant day and treatment by day interactions for both the concentration and biosynthesis of Rubisco in younger leaves high in the canopy ( Figures 4A and  4B ). Ozone-treated foliage had higher concentrations of Rubisco and higher rates of Rubisco synthesis early in foliar development than later in the leaf aging process. As leaves matured, this response to O 3 was reversed. Analysis of the data in relative terms for all 3 years revealed that the effects of O 3 on Rubisco concentration were less dramatic in younger leaves than in older leaves (Figures 2A, 3A and 5A ) with an r of 0.61 (P ≤ 0.05). In contrast, the effects of O 3 on the synthesis of Rubisco were greater in younger leaves than in older leaves, with an r of 0.58 (P ≤ 0.05) ( Figures 2B, 3B and 5B).
Impacts of ozone on mRNA abundance of the large and small subunits of Rubisco
The abundance of mRNA of rbcL and rbcS was measured in 1993 as another indicator of the potential effect of O 3 on Rubisco biosynthesis. In older foliage, the amount of rbcS declined significantly throughout the experiment and no significant effects of O 3 were detected ( Figure 6A ). Compared with rbcS, the amount of rbcL in older foliage of plants grown in charcoal-filtered air did not change much during the experiment ( Figure 6B ). The presence of O 3 caused a decline in rbcL as determined by a significant treatment by day interaction ( Figure 6B ). There were no significant effects of O 3 on either subunit in younger foliage (data not shown). 
Evidence for shift in Rubisco biosynthesis within the leaf canopy
Throughout the 1994 growing season, the concentration of Rubisco was determined in leaves at positions 5, 14, and 20 from the base of the stem ( Figures 7A and 7B ). There were significant effects of leaf position, day and day by position on Rubiso concentration. As Rubisco concentration declined in the oldest leaf, it increased more rapidly in the next leaf sampled. The youngest leaf exhibited little evidence of a shift. The significant O 3 effect on Rubisco concentration in the oldest leaf is consistent with the data shown in Figure 2A . In 1995, foliage was sampled at various positions along the stem taking into account connections through vascular traces. At some of the harvest dates, there were significant treatment by leaf position interactions. Inspection of these data again supported the notion that as the concentration of Rubisco declined in older leaves it increased in younger foliage (data not shown).
In 1994 and 1995, leaves connected by vascular traces were assayed for Rubisco synthesis at regular intervals during the O 3 treatments. Because of the small sample size and variability in the assay it was difficult to identify significant treatment by leaf position interactions. Therefore, the data for 1994 and 1995 are summarized in a graph depicting relative synthesis of Rubisco when O 3 and charcoal-filtered air treatments are compared ( Figures 8A and 8B) . Two conclusions can be derived from these data. The effect of the O 3 treatment on the synthesis of Rubisco in younger leaves increased over time, but the magnitude of the shift decreased with movement up the canopy. In 1994, with a few exceptions during these shifts, the relative synthesis of Rubisco in O 3 -treated foliage and foliage in the charcoal-filtered air was comparable, whereas in 1995, the rate of Rubisco synthesis was usually significantly higher in O 3 -treated foliage than in foliage in the charcoal-filtered air.
Impact of ozone on foliar abscission
Plants produced more leaves in 1994 than in 1995 ( Figure 9 ). Ozone had no effect on total number of leaves produced in either year. Although O 3 had a statistically significant effect on foliar abscission in both years, the number of leaves abscised in response to O 3 was significantly greater in 1994 than in 1995 (cf. Figures 9B and 9D ).
Discussion
Role of protein synthesis in the O3-induced decline of Rubisco
For most of the experiment, the concentration of Rubisco remained relatively high in lower leaves of poplar plants growing in charcoal-filtered air despite a reduction in Rubisco synthesis (Figures 2A and 2B) . It is possible that a low rate of synthesis, coupled with the long (5-day) half-life of Rubisco (Simpson et al. 1981) , is sufficient to compensate for a slow loss of the protein over time. There is considerable evidence that, in many plant species, O 3 induces a more rapid loss of Rubisco in older foliage than in younger foliage (Pell et al. 1994a) . We found that the O 3 treatment had no influence on the rate of synthesis of Rubisco in older foliage ( Figures 2B and  3B ). Our results, coupled with those of previous studies, support the hypothesis that loss of Rubisco was the result of an O 3 -enhanced degradation of the protein Pell 1994, Pell et al. 1994a) .
The status of rbcS and rbcL was also measured as a further indication of the potential impact of O 3 on Rubisco synthesis ( Figures 6A and 6B) . Many studies have shown that, when foliage receives acute O 3 exposures, the amount of rbcS declines rapidly (Reddy et al. 1993 , Bahl and Kahl 1995 , Conklin and Last 1995 , Eckardt and Pell 1995 , Rao et al. 1995 . In contrast, the amount of rbcL frequently only declines after prolonged O 3 exposure (Reddy et al. 1993 ). We did not detect any significant effects of O 3 on the amount of rbcS, although rbcL mRNA abundance decreased significantly in response to the O 3 treatment. High amounts of rbcS were only detected in foliage during leaf expansion. Glick et al. (1995) observed that, once full leaf expansion is reached, the amount of rbcS decreases rapidly, and they concluded that an O 3 -induced effect on the message for the small subunit of Rubisco will be detected for only a brief period of time. Therefore, we may have missed the transitory impact of O 3 on rbcS, because we only sampled once every 7 to 10 days. In contrast, because the amount of rbcL remains elevated for a longer period of time in nonstressed foliage , we were able to detect O 3 -induced changes in the abundance of this transcript with our sampling schedule.
Loss of Rubisco in the lower canopy: a possible impact on whole-plant compensation
In aspen seedlings, it has been shown that chronic O 3 exposure enhances the rates of decline in net photosynthesis and Rubisco concentration in lower leaves during aging (Greitner et al. 1994 , Pell et al. 1994b ). In contrast, younger leaves of the same O 3 -treated seedlings exhibit net photosynthetic rates and Rubisco concentrations exceeding those of foliage grown in charcoal-filtered air. Similar results have been presented by Beyers et al. (1992) and Sasek et al. (1991) for ponderosa pine (Pinus ponderosa Dougl. ex Laws.) and for loblolly pine (Pinus taeda L.), respectively. Based on these studies, Pell et al. (1994b) advanced the hypothesis that accelerated senescence of older foliage was responsible for providing the resources necessary for the compensatory effects observed in younger leaves higher in the canopy. It is well known that the circulation of solutes and hormones within plants facilitates communication among organs (Feller and Fischer 1994) . Phloem mobile nutrients may be exported from senescing organs and reallocated to developing leaves, or other sinks, within the same plant (Simpson et al. 1983 ). Peoples and Dalling (1978) have shown that a high percentage of the nitrogen found within a plant is bound in protein, and degradation of proteins to amino acids is essential for the remobilization of nitrogen. Translocated amino acids may be utilized by developing leaves in the synthesis of enzymes, proteins, nucleotides, and chlorophyll (Bollini and Chrispeels 1979) .
Measurements of Rubisco protein at various locations in the canopy in 1993 support the suggestion that the distribution of this protein shifts, both during growth of the ramet and in response to stress (Figures 3A, 7A and 7B) . Thus, as Rubisco concentration in older leaves of poplar ramets decreased, there was an increase in Rubisco concentration in younger leaves (Figures 2A and 3A) . This increase occurred without a corresponding increase in amounts of mRNA (data not shown). The failure to observe an increase in mRNA quantity may be related to the stability of the transcript (Green 1993) . A more stable mRNA might allow an enhanced translational level to raise Rubisco concentration without needing to increase transcription.
In 1994, we examined foliage in the base, mid-canopy, and upper canopy to test the hypothesis that an O 3 -induced shift in Rubisco quantity would progress from the base to the midcanopy, then from the mid-canopy to the upper canopy, as lower leaves continued to senesce. Lower leaves from plants grown in charcoal-filtered air exhibited a long, slow decline in Rubisco concentration as senescence approached and the midcanopy leaves displayed an increase in Rubisco late in the season; however, no increase was observed when foliage at the mid-canopy and upper positions were contrasted ( Figure 7A ). In contrast, the mid-canopy foliage of the O 3 -treated trees exhibited an increase in Rubisco concentration when the quantity plummeted in the rapidly senescing lower leaves ( Figure  7B ). As the leaves in the mid-canopy began to senescence, the leaves of the upper canopy displayed a large increase in Rubisco quantity.
Increased Rubisco synthesis ( Figure 4B ) may have played a significant role in increasing Rubisco quantity in younger leaves. A period of enhanced synthesis, possibly induced by the influx of amino acids from the senescing leaves below, may have provided the young leaves with the resources necessary to compensate for the O 3 stress. In 1994 and 1995, protein synthesis data were collected from foliage in series from the base to the top of the canopy. Although variance in the data made separation of effects on individual leaves difficult, when viewed in the aggregate ( Figures 8A and 8B ) it appeared that, in both years, in response to O 3 exposure, synthesis of Rubisco increased more rapidly in successively younger leaves.
Effect of O3 on protein synthesis: evidence for an uncoupling phenomenon
Ozone-induced changes in Rubisco concentration in both old and young leaves in 1995 paralleled the changes observed in Figure 9 . Number of leaves and number of leaves abscised in charcoal-filtered (A and C) and O 3 -supplemented (B and D) air in 1994 (A and B) and 1995 (C and D) . Each bar is the mean of six plants. In 1994, O 3 induced a significant increase in leaf abscission in all but the first two harvests. In 1995, there was a significant treatment effect on leaf abscission with no interactions by harvest date. Ozone had no significant effect on total leaf number.
1993 and 1994. Protein synthesis in 1993 and 1994 followed the pattern of Rubisco concentration, whereas in 1995, protein synthesis did not follow the pattern observed in previous years. In 1993 and 1994, rates of protein synthesis in O 3 -treated and nontreated foliage were usually similar, except early in the development of young foliage when O 3 stimulated the rate. In 1995, rates of Rubisco biosynthesis were almost always higher in O 3 -treated foliage than in foliage exposed to charcoal-filtered air ( Figure 8B ). However, mRNA abundance of rbcS did not differ significantly between O 3 -treated and nontreated leaves in 1995 (data not shown). On Julian date 221, when the concentration of Rubisco in the oldest O 3 -treated leaf was significantly lower than that of the corresponding nontreated control leaf, the mean amount of rbcS was higher in the O 3 -treated foliage than in untreated foliage (although a statistical test did not reveal a treatment effect across sampling times). Thus, the capacity for biosynthesis of Rubisco was not limited by the availability rbcS.
Other studies have also reported that O 3 may induce increases in protein synthesis without an apparent increase in the quantity of protein. For example, Godde and Buchhold (1992) discovered that O 3 significantly increased the synthesis of the D-1 protein in Norway spruce (Picea abies (L.) Karst), measured by the incorporation of 14 C-leucine. In old needles of Norway spruce that displayed O 3 -induced symptoms of senescence, Schmitz et al. (1993) observed a 30% increase in protein synthesis without a concomitant increase in total soluble protein concentration. These researchers postulated that enhanced rates of protein turnover may be a compensatory mechanism to combat increased degradation to maintain a steady state protein concentration within plant cells. Etscheid et al. (1993) suggested that the 2.5--3-fold increase in amounts of rbcS mRNA in trees that displayed forest-decline symptoms reflected a higher rate of protein turnover than occurred in symptomless trees. Alternatively, increases in Rubisco mRNA and protein synthetic rate (Düball and Wild 1988) without an increase in Rubisco quantity (Weidner and Kraus 1987) might be evidence of environmental stress causing a deregulation of protein synthesis.
Why deregulation of protein synthesis would occur in one year and not in another is open to speculation. There were significant differences in some environmental conditions in 1994 and 1995. Although solar irradiance was similar in the two seasons, temperatures from Julian date 160 to 180 were between 5 and 10 °C lower in 1995 than in 1994 (data not shown). Low temperature slows plant growth and development as reflected by leaf numbers produced in the 2 years ( Figures  9A and 9C) . Furthermore, in 1994, O 3 -treated plants had lost nearly half of their leaves after only 41 days of pollutant exposure ( Figure 9B ). However, in 1995 O 3 -treated poplar ramets exhibited accelerated loss of Rubisco in the oldest leaves in concert with decreased photosynthesis (data not shown), but did not exhibit abscission of a large number of leaves, even after 64 days of O 3 exposure (Figures 9C and Figure 9D ). Therefore, lower O 3 exposure in 1995 could not explain the differential response. Because abscisic acid can stimulate or inhibit protein synthesis (Skiver and Mundy 1990) , the greatly reduced rate of abscission of O 3 -stressed foliage in 1995 may reflect a difference in the concentration of abscisic acid, which in turn might have contributed to the apparent deregulation of protein synthesis in these tissues.
We conclude that the O 3 -induced decline in Rubisco in lower leaves is not caused by a preferential decrease in synthesis of the protein. This finding, taken together with previous research (Landry and Pell 1993, Eckardt and , points to the role of oxidative modification and resulting enhanced degradation of Rubisco in O 3 -treated foliage as the primary cause for the accelerated loss of Rubisco protein. Quantity and synthesis of Rubisco, and associated net photosynthetic rates all fluctuated throughout the poplar ramet canopy during the growing season. When O 3 induces accelerated senescence, the poplar ramet may shift resources to the next region of healthy leaves in the canopy. We have shown that, in addition to shifts in net photosynthesis (Greitner et al. 1994 , Pell et al. 1994b , poplar foliage exhibits increases in quantity and synthesis of Rubisco within upper canopy leaves when lower leaves experience degradation of the protein. These metabolic changes in O 3 -treated ramets lend support to the hypothesis that plants actively regulate their metabolism in order to survive a period of stress.
